Safe and reliable seal materials for high-pressure oxygen systems sometimes appear to be extinct species when sought out by oxygen systems designers. Materials that seal well are easy to find, but these materials are typically incompatible with oxygen, especially in cryogenic liquid form. This incompatibility can result in seals that leak, or much worse, seals that easily ignite and burn during use. Materials that are compatible with oxygen are easy to find, such as the long list of compatible metals, but these metallic materials are limiting as seal materials. A material that seals well and is oxygen compatible has been the big game in the designer's safari.
Introduction
Safe and reliable seal materials for high-pressure oxygen systems sometimes appear to be extinct species when sought out by oxygen systems designers. Materials that seal well are easy to find, but these materials are typically incompatible with oxygen, especially in cryogenic liquid form. This incompatibility can result in seals that leak, or much worse, seals that easily ignite and burn during use. Materials that are compatible with oxygen are easy to find, such as the long list of compatible metals, but these metallic materials are limiting as seal materials. A material that seals well and is oxygen compatible has been the big game in the oxygen system designer's safari.
Scientists at the Materials Combustion Research Facility (MCRF), part of NASA/Marshall Space Flight Center (MSFC), are constantly searching for better materials and processes to improve the safety of oxygen systems. One focus of this effort is improving the characteristics of polymers used in the presence of oxygen. Very few systems can be built which contain no polymeric materials; therefore, materials which have good impact resistance, low heat of combustion, high auto-ignition temperature and that maintain good mechanical properties are essential.
The Search for a Better Polymer
Polymeric materials are widely used as seals and seat materials in oxygen systems.
One of the most frequent causes of fires in oxygen systems using polymeric materials is ignition of the polymer which promotes to surrounding materials and results in a catastrophic failure. According to previous studies [1] the most compatible materials in oxygen systems are fluorinated polymeric materials such as PTFE and PCTFE. This 4 measure of compatibility is determined by favorable characteristics for oxygen use such as high oxygen index (ignition resistance), low heat of combustion, and high auto-ignition temperature. This knowledge has allowed the MCRF, in conjunction with other groups within MSFC, to begin to experiment with different PTFE and PCTFE based polymers.
From both internal experience and previous studies, metal filled polymers seem to be the key to improved properties among oxygen compatible materials.
Existing Data Library
The data used to compare Brass-filled PTFE to other polymers was obtained from other ASTM papers as well as NASA's Materials and Processes Technical Information System (MAPTIS). The MAPTIS database is housed at the NASA George C. Marshall Space Flight Center and is available to the public, with minimal limitations, at the web site http://maptis.nasa.gov.
Experimental

Test Apparatus
The data discussed in this paper were obtained by the use of both in-house equipment and the use of preexisting documented results. The Brass-filled PTFE samples discussed in this paper were evaluated using a Parr 6200 oxygen bomb calorimeter to determine the heat of combustion.
Three other testers were also required in order to provide necessary data. These were the inhouse ambient-pressure mechanical impact, high-pressure mechanical impact, and autogenous ignition temperature (AIT) testers. Heat of combustion, AIT, ambient and high-pressure mechanical impact experiments were conducted in accordance with ASTM G-72, ASTM G-86, ASTM D-4809 and NASA-STD-6001, respectively.
Procedure
Heat of combustion-The measurement of the heat of combustion was calculated internally by the software programmed on the Parr 6200, which was verified by comparison to a benzoic acid standard supplied by Sigma Aldrich. The heat of combustion sample was placed inside a metallic combustion cup, and an ignition wire was positioned above the sample as to touch the top of the sample but not come in contact with any metal other than the terminal leads. In order to assure that combustion will occur, a mineral oil spike was used, and for which the calculations corrected. The combustion chamber was sealed and pressurized with GOX, lowered into the water bath, and the ignition wire leads were attached to the top of the combustion chamber.
After the test was over, the calorimeter displayed the gross heat content of the sample in calories per gram weight of sample.
Autogeneous Ignition Test-The samples for AIT were prepared per the standard and placed into a small glass test tube. The test tube was placed into the sample holder and a thermocouple was positioned inside the test tube near the sample. The chamber was purged several times with GOX to insure a 100% oxygen environment prior to pressurizing the chamber to the test pressure. Once the test pressure was reached, the system was monitored in order to assure that the chamber was properly sealed. The external heater was started and allowed to increase the temperature of the sample at a rate of 9 degrees F/min. The indication of autogenous ignition was the rapid increase of temperature and pressure. If the system temperature rises above 425°C prior to ignition of the sample, then the AIT is recorded as >425°C.
Mechanical Impact Test-For ambient-pressure mechanical impact testing, samples were positioned in the test chamber, which was cryogenically cooled with Nitrogen, and submerged in LOX. The samples were impacted with 98 Joules of energy (72 ft-lbs) while reactions were 6 detected by the operator in terms of a visual flash or audible noise. The high-pressure mechanical impact test can be operated in a LOX or GOX mode, depending on the parameters of the test. In order to achieve 100% oxygen inside the test chamber, several lower pressure oxygen purges were required prior to the chamber being pressurized to the full test pressure. Once the chamber was brought up to the required test pressure, the plummet was allowed to impact the sample at 98 Joules of energy (72 ft-lbs). The detection of a reaction was indicated by the illumination of a photodiode, which was positioned outside of the chamber with an optical viewing port. After several series of tests were conducted for both ambient and high-pressure mechanical impact, the samples were analyzed for signs of combustion that may not have been detected by the operator or equipment. The pass/fail criterion for a material, in both ambient and high-pressure mechanical impact, is determined by the number of reactions recorded in a series of tests. A sample is said to have passed the mechanical impact test at the given pressure and temperature if no reactions are recorded out of 20 samples. If one sample out of 20 reacts, then 40 additional samples must be tested without any reactions in order for the material to pass the test.
Results and Discussion
Previous research conducted by Chou and Giedorowicz examined several fluorinated polymeric materials that are of interest in the further characterization of Brass-filled PTFE including: TFE-Teflon® (PTFE), Kel-F® 81 (PCTFE), Viton® A, Viton® A-500, and Fluorel®.
In Table 1 , heat of combustion data for the Fluorinated compounds are presented as an average of three tests according the ASTM Standard D-3286 along with a standard deviation calculated from the presented data. The heat of combustion data for Brass-filled PTFE presented in Table 2 was determined by the MCRF at MSFC. The caloric content per gram of material for Brass-7 filled PTFE was 12% lower than the caloric content of the non-Brass-filled PTFE determined by Chou and Giedorowicz. The reported values for the heat of combustion of TFE-Teflon® (PTFE) in the Safe Use of Oxygen and Oxygen Systems vary substantially between the different test facilities with an average of 1483 (cal/gram) and standard deviation of 208 (cal/gram) [2] .
Although this value is lower than that reported by Chou and Giedorowicz, their value still falls within the acceptable range of error.
The lower heat of combustion of the Brass-filled PTFE further exemplifies the material's compatibility in oxygen systems. The comparison of Brass-filled PTFE to the other Fluorinated polymers studied by Chou and Giedorowicz in terms of heat of combustion, shows that Brassfilled PTFE has a 48% lower caloric content than Kel-F® 81 (PCTFE) and a 66% lower caloric content per gram than Viton® A, Viton® A-500, and Fluorel®. As defined in the ASTM and NASA-STD-6001A standards for AIT testing, a sample that ignites above a temperature of 425 ºC is recorded as having an AIT temperature >425 ºC and the actual value is not specified. Due to this limitation, the only comparison that can be made between the Brass-filled PTFE and Teflon® is that they both auto ignite above 425ºC and both materials experience a pressure rise of roughly 700 psi, which can be seen in Tables 3 and 4 . When compared to the other materials, Brass-filled PTFE has an AIT value 44% greater than both Viton® A and Viton® A-500 and 30% greater than Fluorel®. These percentages are only valid for the comparison of an AIT value that is below the maximum test temperature of 425 ºC.
The determination that a material is oxygen compatible cannot be made exclusively by AIT and heat of combustion data. A good example of the need for several different parameters to be considered in the criteria for an oxygen compatible material is evident upon the comparison of the AIT data of Brass-filled PTFE and Kel-F® 81 (PCTFE). The AIT for Brass-filled PTFE is only 5% higher than for Kel-F® 81 (PCTFE) based on the maximum temperature threshold in the standard. As mentioned previously, the heat of combustion for Kel-F® 81 (PCTFE) is 48% higher than that of the Brass-filled PTFE, which indicates that, upon ignition, the material can supply 48% more energy into the burning system. in a LOX environment at ambient pressure. Figure 1 , below, is a pretest picture of the Brassfilled PTFE, which is blue in color and came pre-cut into a circular sample from the distributor.
Although the name indicates that the material is Brass-filled, the small slivers cannot be seen on the surface in the picture. A post-test picture of a Brass-filled PTFE sample was taken in order to show how the material behaves upon a non-reacting, high energy contact, which can be seen in Figure 2 . The mechanical impact data for the Brass-filled PTFE, and several other PTFE materials tested at MSFC, in both LOX and GOX environments, can be seen in Table 3 . The data shows that Brass-filled PTFE is highly compatible with both LOX and GOX systems. It was impacted with 98 Joules at 10,000 psia in both LOX and GOX according the NASA-STD-6001 and passed in both environments with no reactions out of 20 samples. In order to assure the accuracy of the data, an additional 80 samples of the same batch of Brass-filled PTFE were tested in LOX and GOX. Each was impacted with 98 Joules at 10,000 psia in LOX and in GOX. Neither the LOX nor GOX tests showed any reactions out of the 80 impacts. Four of the additional 80 LOX samples reacted with no remaining sample in the cup. A second batch of the Brass-filled PTFE 10 was tested under the same conditions in order to determine the variability from batch to batch. It can be seen in Table 3 that the second batch of Brass-filled PTFE performed the same as the first batch in a GOX environment and the reaction percentage decreased in a LOX environment from 5% in batch 1 to less than 2% in batch 2. Two additional batches were tested at the same conditions and were shown to produce zero reactions out of the samples tested. A determination could be made through the batch mechanical impact screening that the compatibility of Brassfilled PTFE in high-pressure oxygen systems is not batch dependent. The Salox-M® is much more reactive than the Brass-filled PTFE. In fact, reducing the pressure by 50% alone did not show the Salox-M® to be acceptable in an oxygen enriched environment. The impact energy was reduced by 50% in order to meet the pass/fail acceptance criteria. The sensitivity of Salox-M® in a high-pressure LOX environment has been shown to be far higher than that of the Brass-filled PTFE, which can be attributed to the high percentage of 11 Bronze filler as well as the difference in the chemical composition of the Bronze as opposed to
Brass.
Two types of Algoflon®, another PTFE based material, were tested at the same conditions in order to compare them to the Brass-filled PTFE. Algoflon® E2 is a PTFE virgin granular resin which has been pre-sintered. This resin has been treated thermally at, or above, the melting point of the resin at atmospheric pressure. Algoflon® F7 is a PTFE virgin granular resin. It has been designed as a molding resin for use as thin skived tape with excellent skivability and good dielectric properties. As stated previously, two types of Algoflon® were tested, using both a LOX and GOX environment. It was shown that the pre-sintered E2 Algoflon® produced no reactions under the same conditions as the Brass-filled PTFE, whereas the F7 type did not perform well in a LOX environment. The F7 required the pressure to be dropped to 5,000 psia in order for the material to pass. [3] . The results show that the compounds were not sensitive to mechanical shock at ambient pressure. The same Fluorinated compounds were then tested in a high-pressure LOX environment. The results of the mechanical impact tests under these conditions, as determined by data from the Kennedy Space Center, can be seen in Table 5 .
Teflon® and Kel-F® 81 both passed the material acceptability test up to a pressure of 1,500 psia, whereas Fluorel® began reacting at pressures above 500 psia; therefore, failing the test. These same materials were also tested in a GOX environment at ambient temperature and varying pressures. Previous work conducted at MSFC in 1972 determined that materials mechanically impacted were considerably more reactive in pressurized GOX than in a pressurized LOX environment [4] . By comparison of the Brass-filled PTFE in Table 3 to TFE-Teflon® (PTFE) in Table 5 , it can be seen that their performance in high pressure LOX systems is very similar at 98 J and 0.062 inches in thickness. The results presented in Table 5 demonstrate the superior performance of the Brass-filled PTFE over Kel-F® 81 (PCTFE) and Fluorel®.
The data presented in Table 6 are high-pressure GOX impact results determined by the testers at White Sands Test Facility (WSTF) and MSFC. In most cases, the reactivity of materials increases from either a decrease in thickness or an increase in pressure [2] . The data listed in 
Conclusions
Polymeric materials, such as TFE-Teflon® (PTFE), have proven to be reliable and safe materials for use as seats and seals in oxygen systems. The search for a polymer that performs as well as TFE-Teflon® (PTFE), in terms of oxygen compatibility, and also maintains its physical integrity at high pressures and cryogenic temperatures has become an ongoing expedition.
Through research at the Materials Combustion Research Facility at Marshall Space Flight Center a Brass-filled polytetrafluoroethylene has been uncovered that exemplifies all of the positive characteristics that are valued in an oxygen compatible material. The low heat of combustion, elevated AIT, and very high resistance to mechanical shock in pressurized LOX and GOX environments further exemplify the suitability of the Brass-filled PTFE for oxygen systems. The data presented clearly show that the choice of the filler material and the percentage of filler relative to PTFE can make all the difference in a high-performing oxygen compatible material.
Even though the Brass-filled PTFE performs similarly to TFE-Teflon® in a high-pressure LOX environment, its performance far exceeds that of TFE-Teflon® in a high-pressure GOX environment, which makes Brass-filled PTFE the best choice for oxygen systems.
